We report on the fabrication and performance of a new kind of tip for scanning tunneling microscopy. By fully incorporating a metallic tip on a silicon chip using modern micromachining and nanofabrication techniques, we realize so-called smart tips and show the possibility of device-based STM tips. Contrary to conventional etched metal wire tips, these can be integrated into lithographically defined electrical or photonic circuits, as well as mechanical systems. We experimentally demonstrate that the performance of the smart tips is on par with conventional ones, both in stability and resolution. In situ tip preparation methods are possible and we verify that they can resolve the herringbone reconstruction and Friedel oscillations on Au(111) surfaces. In addition, these devices can be made to accommodate two isolated tips with sub-50 nm apex-to-apex distance to measure electron correlations at the nanoscale using a new type of double-tip experiment described in this letter.
We report on the fabrication and performance of a new kind of tip for scanning tunneling microscopy. By fully incorporating a metallic tip on a silicon chip using modern micromachining and nanofabrication techniques, we realize so-called smart tips and show the possibility of device-based STM tips. Contrary to conventional etched metal wire tips, these can be integrated into lithographically defined electrical or photonic circuits, as well as mechanical systems. We experimentally demonstrate that the performance of the smart tips is on par with conventional ones, both in stability and resolution. In situ tip preparation methods are possible and we verify that they can resolve the herringbone reconstruction and Friedel oscillations on Au(111) surfaces. In addition, these devices can be made to accommodate two isolated tips with sub-50 nm apex-to-apex distance to measure electron correlations at the nanoscale using a new type of double-tip experiment described in this letter.
Scanning tunneling microscopy (STM) is one of the leading tools for probing electronic and topographic information at the atomic scale [1] . Since its inception a few decades ago, data quality has dramatically improved by focusing on mechanical stability, tip preparation and lower temperatures. New possibilities have emerged and greatly extended the range of STM, including quasi-particle interference studies with density of states mapping [2, 3] , spin-polarized STM [4] , and ultralow temperature operation [5] .
Here, we introduce a platform for bringing new, devicebased functionality to STM, in order to utilize decades of progress in device engineering for the field of scanning probe. We replace the conventional electrochemically etched, pointy metal wire with an integrated metal tip on a silicon chip. This new platform, which we call smart tip, allows in principle to directly add additional capabilities to a STM tip, including novel spin-sensitivity, local heating, local magnetic fields, local gating, highfrequency compatible coplanar waveguides, resonators, qubits, and double tips. However, it is a priori unclear, whether such a nanofabricated tip will function for STM measurements, as several challenges arise: the stability needs to be below the picometer scale, stringent requirements exist on the shape and sharpness of the freestanding tip, and contamination from fabrication residues need to be absent. In this letter, we demonstrate the feasibility of the novel smart tip platform. We first discuss our newly developed fabrication procedure and then experimentally show the functionality of these tips in standard STM measurements. Finally, we present a theory of how such nanofabricated double tips will allow to measure electron correlations, if the tip-to-tip distance is on the * s.groeblacher@tudelft.nl † allan@physics.leidenuniv.nl scale of tens of nanometers. The challenge in realizing smart tips is to make devices that are fully compatible with conventional STM, yet allow for compatibility with all standard nano-and microfabrication processes. Specifically we need: (i) a clear protrusion of the tip relative to the underlying chip, (ii) precise control of the tip shape, and (iii) reliable, reproducible fabrication recipes. To meet these requirements, we developed a new fabrication method using suspended silicon nitride (SiN) tips covered with gold to create onchip STM smart tips.
We start with a 500 µm thick Si(100) chip covered on both sides with a 200 nm thick layer of high stress low-pressure chemical vapor deposition (LPCVD) silicon nitride. We write the initial pattern, consisting of the tip shape and two shields, using electron beam lithography and we then transfer it into the SiN using a reactiveion CHF 3 etch (cf. Fig. 1(a) ). The shields are included to minimize the undercut of the Si once the overhang is created: the 50 nm lines around the shields reduce the etch rate of the Si significantly compared to a large exposed region without shields. We then clean the chip in a piranha solution and protect it in a layer of photoresist. In order to bring the tip close to the edge we proceed with dicing the chip along the lines depicted in Fig. 1 (a) resulting in Fig. 1(b) . This step is typically precise to within a few micrometers, leaving a straight sidewall (roughness <3 µm). After an additional cleaning step, we isotropically remove part of the Si substrate using a dry reactive-ion etch (SF 6 ). For improved selectivity of the SiN over the Si the chip is cooled to −50
• C. During a typical etch the thickness of the SiN reduces from 200 nm to ∼120 nm. The exposed Si sidewalls are removed at a rate of around 4 µm/min until both the tip and the two shields protrude by about 10 − 12 µm, causing the shields to fall off ( Fig. 1(c) ). The final step in fabricating the STM tip involves depositing a metal on After cleaning, the chip is undercut using a dry release, removing the Si substrate primarily from the sidewalls. The shields are now unsupported and will fall off leaving only the freestanding tip. (d) As a last step, the full chip is covered with a metal, e.g. gold.
the chip through sputtering to ensure proper coverage of both the top and the side of the SiN tip ( Fig. 1(d) ). In this study, we choose gold as the tip material; it is relatively straightforward to use other interesting materials for the tip. Images of a typical device are shown in Fig. 2(a-c) . The diameter of the apex of the tip depends on the initial thickness of the SiN, the electron beam spot size and dose, the SF 6 etch time and temperature, and the metal film thickness. However, as can be seen from Fig. 2(c) , the tip diameter is mostly determined by the grain size of the metal film and is comparable to commercially available metal wire tips. The overall yield of the fabrication as described in this section is around 80%.
Our new type of microfabricated tips is compatible with existing STM systems and only requires the modification of the tip holder. In this study, we loaded the tips into a modified commercial Unisoku ultra-high vacuum STM with an operating temperature down to 2 K. We customized the BeCu holder for the smart tips, as shown in Fig. 2(d) . The metal covered top side of the chip is placed against the body of the holder and thereby creates a large metal-to-metal surface to ensure good electrical contact (few Ohms) and a clamp pushes against the bottom of the chip. The chip is placed under an angle of 10
• to avoid contact between the Si sidewall of the chip and the sample. As the metal tip is electrically isolated from the Si by the SiN layer and because Si is highly resistive at low temperatures, tunneling can only originate from the metal tip itself.
Before moving to the functionalization of smart tips, we need to demonstrate that they are fully compatible with STM. For this, we use a single smart tip made from gold. After having veryfied that such tips routinely achieve atomic resolution without any tip preparation in ambient conditions on freshly cleaved graphite, we move to atomically flat Au(111) for more reliable tests. We use an Au(111) film on mica at 5.8 K under UHV conditions. The gold surface is prepared by cycles of Ar ion sputtering (1 kV at 5 × 10 −5 mbar) and subsequent annealing at 600
• C for 1 min. We use standard tip cleaning procedures, such as voltage pulsing up to −3 V and mechanical annealing [6] . The latter procedure consists of repeated and controlled indentation of the tip into the surface up to several conductance quanta and leads to a crystalline, atomically sharp tip apex [7] .
Figure 2(e) shows a typical STM image (99 × 99 nm) of the reconstructed Au(111) surface obtained with the fabricated tip (setup conditions 100 mV, 300 pA). The herringbone reconstruction characteristic to these gold surfaces is resolved in great detail. Several of the kinks of the reconstruction lines house a single adatom identified as bright spots. Around the three contiguous adatoms in the center of the image, we can observe rings that show the waves of electron scattering, also known as Friedel oscillations. Similarly, quasiparticle interference spectroscopy [3] allows us to measure the dispersion of the surface state, shown in Fig. 2(f) . To quantify the lateral resolution of the tip we extract line traces over the atomic step from the topographic data. The width of the step edge is 1.3 nm, matching with values obtained from measurements with a conventional tip on the same system. The lateral stability of these tips, given their planar nature, could potentially differ depending on the scan direction. When changing the scan direction we did however not observe any difference in the performance of the tip.
Having established that smart tips are fully compatible with STM, we now would like to discuss the possibilities that this novel platform brings, with some examples highlighted in Fig. 3 . We emphasize that the fabrication recipes allow for a precise control of the tip shape and achieve atomic resolution, which differentiates it from earlier work that relies on cleaving the chip [8] [9] [10] . These recipes also allow for easy integration of any standard cleanroom procedure without impeding the STM performance. One example is microwave and millimeter wave engineering with coplanar waveguides. There is currently significant research interest in this area, especially with respect to single spin magnetic resonances [11] , which would benefit substantially if the tip itself were highfrequency compatible. Our smart tip platform allows to directly include coplanar waveguides on the chip, as is shown in Fig. 3(c) , opening the way for spin resonance experiments or investigations of non-trivial excitations in solids. (111) surface taken with a fabricated tip at 5.8 K (V b = 100 mV, I = 300 pA). We observe the herringbone surface reconstruction as well as single adatoms (bright dots). In the center a cluster of three adatoms is surrounded by Friedel oscillations. (f) Dispersion of the surface state measured by quasi-particle interference.
A particularly exciting application is to create a chip that protrudes into two electrically isolated tips, and we will develop here novel theory to interpret results from such measurements. Recent theoretical advances showed that STM using two tips, or double-tip STM, is a powerful tool that could finally allow STM measurements to probe spatial electron correlations and the single electron Green's function. Settnes et al. [12, 13] developed methods to compute the single electron Green's function of graphene in a double-tip setup, leading to real and reciprocal space conductance maps and thereby revealing scattering information beyond the reach of singletip STM. Given the long inelastic mean free path of graphene, these conductance maps should show conductance anisotropies in pristine graphene and quantum interference effects around defects.
However, the realization of such a double-tip STM is challenging: the tip-to-tip separation needs to be very small (order <50 nm). This prerequisite excludes approaches that rely on multiple conventional tips being brought into close proximity, as the distances in such arrangements are limited by the radii of the tips [14] . Our smart tips constitute a significant step towards an experimental realization of a double-tip STM, as microfabrication allows to lithographically define both the distance, as well as the shape of the tips. We realize a first proof-of-principle demonstration of this new technique by adapting our single tip into a two-tip pattern, where the trenches between the tips ensure electrical isolation (cf. Fig. 3 ). This method avoids an additional, hard to align, e-beam lithography step to place two metal tips on the apex of the SiN [10] , while at the same time verifying that we can indeed fabricate tip distances smaller than 50 nm.
In order to complement our new experimental platform and highlight the feasibility of our approach, we further outline the theory for a novel experiment using two tips on a nano-island for probing the diffusion propagator Π(r 1 , r 2 ) at the nanoscale. This idea has the advantage of being simpler and yielding an improvement of the signal size over previously suggested methods [15, 16] . Our approach is based on correlating the two measured single tip currents in order to obtain correlations between electron states at the respective tip positions and to ultimately measure the electronic diffusion propagator on the nanoscale.
In mesoscopic systems such as metallic nano-islands, the correlations of the (same) wavefunction can in fact extend from one tip to the other and should be well within current measurement capabilities. By exploiting the formalism of level and wavefunction statistics developed in the 1990s, one can calculate a current based on the amplitude of the wavefunctions at different points in space [17, 18] with each tip having its own bias eV i and the sample being grounded. We show in the Supplemental Material that the correlations of the amplitude of the same wave function are sustained even at these relatively large distances (much larger than the Fermi wave- length), while the correlations between different wavefunctions fade, resulting in
where J is the correlation of the tunneling currents of the two tips located at r 1 and r 2 , A is the tip-sample coupling, ν is the density of states, σ = 2 (1) in the absence (presence) of an external magnetic field. Note that Π(r 1 , r 2 ) is the only term in Eq. (1) containing spatial variations whereas the second term only depends on the bias. The diffusion propagator is the solution to the diffusion equation and expresses the time-integrated probability to find an electron at point r 2 if it was initially at r 1 . In a 2D system, it is given by
with L being the system size, r = |r 1 − r 2 | the tip-to-tip distance and g the dimensionless conductance. Eq. (2) shows that while the correlations can be long-ranged, one needs nanometer range separation of the tips to measure the diffusion propagator.
As we are interested in the autocorrelations of the shared energy levels between the two tips obtained from the current on each of the individual tips (Eq. (S18)), it is not necessary to measure small currents like the transconductance suggested by Niu et al. [15] and Byers and Flatte [16] . We normalize the correlation function with the individual currents I i = A i ν · eV i for i = 1, 2 and setting V 1 = V 2 = V , Eq. (1) then reduces to
To measure these autocorrelations we require: a metallic system suited for STM, finite level spacing and a system size L that is larger than the tip-to-tip separation. STM experiments point to Pb nano-islands as suitable candidates. By only growing a few monolayers the level spacing approaches the superconducting bulk gap (1.35 meV) upon decreasing their lateral size down to L ∼ 50 nm [19] , thereby destroying superconductivity according to the Anderson's criterium [20] . Based on these parameters and using a bias of 1 meV, the spatial dependent part of Eq. (S18) is on the order of 0.05 and therefore well within current measurement capabilities (see Supplemental Material). The correlation of the tunneling currents in a diffusive nano-island is only the simplest application of a double-tip technique. Its experimental demonstration will pave the way to similar experiments probing spatial electron correlations by applying different theoretical proposals [12, 13, 15, 16, [21] [22] [23] , and in more complex materials such as (high-temperature) superconductors.
Our idea contrasts to previous proposals using a double-probe setup [12, 13, 15, 16] in the following way: Here it is possible to perform the experiment when grounded, which considerably simplifies the experiment. Only a fraction of the current will flow through the sample to the other tip. This so-called transconductance scales directly with the single electron Green's function σ 12 ∼ σ 1 σ 2 G(r 1 , r 2 , V ) and provides fundamentally more information about the electron system at the atomic scale than a single tip STM. Following [15] , the transconductance can be compared to the normal STM current σ 12 /σ 1 ∼ 10 −7 for a surface state based on r = 30 nm and a tunnel resistance R T = 0.5 GΩ for Pb, well below the 10 −3 sensitivity we outlined above. We have experimentally demonstrated that a novel smart tip platform can be realized using standard nanoand microfabrication processes. These smart tips are directly compatible with existing (commercial) STM systems. Their performance is on par with conventional PtIr tips, which we compare in the same system. Common tip preparation techniques such as voltage pulses and mechanical annealing can be applied to improve the tip quality in situ, which is an important aspect when using STM. Smart tips will allow to considerably extend the range of STM, for example by enabling high-frequency tips, local gating Additionally, we theoretically show how to use double tips to measure Green's functions and diffusion propagators. We believe that these experiments will help explore a new regime of correlated electron systems.
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where
is the tip-sample coupling (here C and n T are two further constants of the model, and κ is the decay constant in the tunnel matrix elements), responsible for the tunnel process and for the properties of the tip. The order of magnitude of A is G T /ν, with G T and ν being the tunneling conductance (tip to substrate) and the density of states (per volume) in the substrate. The information about the substrate is encoded in the function n s ,
where E k and ψ k are the exact eigenvalues and eigenfunctions of an electron in the substrate.
In the following, we specialize on disordered metals, where k F l 1, k F and l being the Fermi wave vector and the mean free path. In this situation, the exact energies and wave functions in Eq. (S5) depend on the disorder configuration, and it only makes sense to look at the averages values.
Before treating the double-tip situation, let us calculate the disorder averaged tunneling current for a single tip. The average square modulus of the wavefunction is a constant, and due to the normalization condition this constant must be equal to the inverse area vol of the substrate (assuming the geometry is 2D). Then
and thus I(r, V ) = AνeV . It is position independent and proportional to the voltage.
Double-tip correlations
Now we consider a double-tip configuration. The two tips are located at r 1 and r 2 ; we assume that the distance between the points is much longer than the Fermi wavelength and the tip-sample coupling is the same for both tips. The quantity of interest is
where the cumulant is defined as U W ≡ U W − U W . This corresponds to the grounded substrate and the voltages V 1 and V 2 applied to the two tips. Thus, we need to calculate
where ∆ = (ν · vol) −1 is the mean level spacing for electrons in the substrate, and R(ω) is the level-level correlation function. Note that the first term in rhs is just a product of the averages, the second term refers to the correlation of the same state at different points in space, and the last one describes the correlation of different states (and this is why it contains the level-level correlation function). The first term creates a contribution to J which is proportional to V 1 V 2 and is otherwise featureless (position independent). We will see below that from the two remaining terms, the correlation of the same state dominates.
Same-level correlations
These averages have been calculates in the 1990s in the context of level and wavefunction statistics [S3, S4] . We have, for example, for low energies
2 being the Thouless energy, D is the diffusion constant, and for magnetic fields strong enough to break the time-reversal symmetry for a typical electron trajectory,
Here r = |r 1 − r 2 |, and we have introduced two new functions. The short-ranged function k d (r) = exp(−r/l)J 2 0 (k F r) decays at the scale of the Fermi wavelength and, since the tips can not be arranged so close, does not play much role in the correlations. Another function, Π, called the diffusion propagator, is the solution of the diffusion equation with the corresponding boundary conditions. In 2D, if the points are away from the boundaries, it is
where L is the system size, and g = E C /∆ 1 is the dimensionless conductance.
We will disregard the terms with k d and Eq. (S8) becomes
(S11) We will see below that the correlation function of the currents is proportional to the voltage and we can directly obtain the diffusion propagator.
We now calculate the contribution of the term with δ(E 1 −E 2 ) in Eq. (S7). The frequency integral is trivially calculated, giving
The second term is just the product of average currents, and thus the first one (which is much smaller) contains information about the electron states. Note that this term trivially depends on the voltage and on the magnetic field. The presence of the correlation proves that the states spacially extends from r 1 to r 2 . The dependence on the tip-to-tip distance given by the diffusion propagator can be probed by repeating the experiment with different double-tip seperations. These equations are valid for any magnetic field, and we have introduced the index σ. The value σ = 1 corresponds to the situation we discussed previously -of strong magnetic field breaking time-reversal symmetry. In the literature, this situation is known as Gaussian Unitary Ensemble (GUE), with the name referring originally to ensembles of random matrices which provide the Wigner-Dyson distribution. In the case the field does not break time-reversal symmetry (including zero magnetic field), Gaussian Orthogonal Ensemble (GOE), we have σ = 2. Note that the level correlation function (Eq. (S19)) is modified in GUE as well [S4] .
Diffusion constant
The diffusion coefficient in two dimensions in a metal is given by
with τ the scattering time of the electrons. From the residual resistivity ratio (RRR) in thin film lead we can then determine the low temperature resistivity of lead [S5] ,
Using Ohm's law we find the scattering time for lead
where m = 1.9 × m e is the effective electron mass in lead [S6] , n = 13.2 × 10 22 cm −3 the total density of valency electrons, e the electron charge. Inserting τ into Eq. (S13) gives us the diffusion coefficient D = 223 cm 2 /s.
Numerical estimates
Here we consider a Pb nano island on which we scan with the double-tip probe. We set the tip spacing to r = 30 nm, a spacing that we consider experimentally viable and that fits well within the island. Kim et al. [S7] concluded that for Pb nano islands of only few monolayers thick the mean level spacing approaches the superconducting gap (∆ s = 1.35 meV) as the islands in lateral size is reduced to ∼50 nm. The size of the island and the diffusion constant, as calculated above, give us the Thouless energy,
and, together with the mean level spacing the dimensionless conductance,
This value satisfies the condition g = E C /∆ 1 to make the approximation:
The signal size in a measurement is further determined by the ratio of the mean level spacing and the bias,
where σ = 2 in the absence of a magnetic field and the size of the correlations is 0.05.
Level-level correlations
This section is to consider δJ, the contribution of Eq. (S9) to Eq. (S7). We will see, first, that its contribution to J is less important than the first term in Eq. (S12); second, that it has non-trivial voltage dependence. Since for a single experiment the distance between the two tips is fixed, we can use this non-trivial voltage dependence to look at correlations between different states in the system.
For this we need to consider the last term of Eq. (S7), where R(ω) is the level-level correlation function, that in the lowest order is given by the Wigner-Dyson statistics. In GUE (σ = 1) we have
The contribution of Eq. (S9) was dismissed in the same-level correlations due to the strong decay of k d with distance. To calculate the (small) contribution of the level-level correlations, we need higher order terms in Eq. (S9). We get
Furthermore, for energies ω exceeding the Thouless energy E c , |E 1 − E 2 | ∆, we have (note that the two expressions coincide in the main order in 1/g where they both apply, i.e. for ∆
and R 2 = 1. We again have thrown away the short-range terms proportional to k d . Here,
where Dq 2 and φ q are the eigenfunctions and the eigenvalues of the diffusion operator −D∇ 2 with appropriate boundary conditions.
To facilitate the calculations, we take V 1 = V 2 = V . Furthermore, as before, we assume that the distance between the tips is much longer than the wave length. Since R(ω) and Π ω are even functions of ω, we can reduce the double integral to a single one using
where F is an arbitrary even function of ω. Due to nontrivial dependences of our functions on ω, we consider different regimes in voltage.
Regime 1: eV ∆
For eV ∆ we substitute Eq. (S19) for R(ω), calculate
and the contribution to j from the last term in Eq. (S7) becomes
This differs from Eq. (S12) by the factor of g −1 (eV /∆) 3 1. For GOE, the level correlation function is cumbersome, but we only need the low-energy behavior, which is R(ω) ≈ (π 2 |ω|)/(6∆). Calculating the current correlation function, we obtain δJ (r 1 , r 2 ; V 1 , V 2 ) = For ∆ eV E c we have R = 1, and, calculating the integral again, we find δJ (r 1 , r 2 ;
which is again small compared with Eq. (S12) as eV /E c 1. For eV E c , we still have R = 1 but need now to use Eq. (S21) to calculate the current-current correlation. To get the results, we now explicitly calculate evaluate Π ω in two dimensions. In (S22), we take φ q (r) = (vol) −1/2 exp(iqr) and replace the summation over q with integration. Integrating over the angle, we get the Bessel functions, and subsequently integrating over the length of q, we get Kelvin functions kei and ker, Re Π ω (r 1 , r 2 ) 
